From venous tracer-dilution curves, after 57 pulse injections of "NaCl and [ 13I I]albumin (RISA) into the arterial inflow of nine isolated canine lung lobes perfused with blood (hematocrit = 0.24-0.44) under zone III conditions, we calculated area-weighted fractional extractions (E 3 ) and capillary permeability (P)-surface area (S) products (PS) for 24 Na at plasma flows (F p ) ranging from 4.1 to 40.1 ml»min" 1 «g" 1 dry weight. In six of the lobes, 35 separate injections of RISA and [ l25 I]iodoantipyrine permitted calculation of pulmonary blood volume (PBV) and extravascular lung water (EVW). Our experimental preparation allowed us to evaluate, independently, the effects of flow and perfusion pressure on the measurements of PS, PBV, and EVW. PS increased as F p was .raised, but at any given F p , PS remained constant despite large changes in pulmonary arterial (P A , range 5-38 mm Hg) and venous (P v , range 2-30 mm Hg) pressures. Mean EVW (2.8 ± 1.5 ml/g, n = 35) was unaffected by changes in F p , PA, or P v . An increase of 52% in PBV occurred as mean P A increased from 11 to 33 nun Hg. This increase in PBV was due to disterition of small intrapulmonary vessels. Since EVW remained unchanged, there was no evidence for vascular recruitment in these lobes (that is, no change in S), and assuming no change in permeability, we concluded that the flow-dependent changes in PS are related to underestimates of E 3 and PS at low F p . At high F p , mean PS was 3.6 ml»min~1«g~I dry weight. If S for the lung is 3000 cm 2 /g, then pulmonary capillary permeability for sodium is about 3.8 x 10~6 cm/sec, which is considerably lower than the 3.1 x 10" 5 cm/sec that we have reported for myocardial capillaries.
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Pressure, and Tissue Perfusion in the Measurement of Capillary Permeability to Sodium in Isolated Dog Lung Lobes ROBERT G. TANCREDI AND TADA YIPINTSOI SUMMARY From venous tracer-dilution curves, after 57 pulse injections of "NaCl and [ 13I I]albumin (RISA) into the arterial inflow of nine isolated canine lung lobes perfused with blood (hematocrit = 0.24-0.44) under zone III conditions, we calculated area-weighted fractional extractions (E 3 ) and capillary permeability (P)-surface area (S) products (PS) for 24 Na at plasma flows (F p ) ranging from 4.1 to 40.1 ml»min" 1 «g" 1 dry weight. In six of the lobes, 35 separate injections of RISA and [ l25 I]iodoantipyrine permitted calculation of pulmonary blood volume (PBV) and extravascular lung water (EVW). Our experimental preparation allowed us to evaluate, independently, the effects of flow and perfusion pressure on the measurements of PS, PBV, and EVW. PS increased as F p was .raised, but at any given F p , PS remained constant despite large changes in pulmonary arterial (P A , range 5-38 mm Hg) and venous (P v , range 2-30 mm Hg) pressures. Mean EVW (2.8 ± 1.5 ml/g, n = 35) was unaffected by changes in F p , PA, or P v . An increase of 52% in PBV occurred as mean P A increased from 11 to 33 nun Hg. This increase in PBV was due to disterition of small intrapulmonary vessels. Since EVW remained unchanged, there was no evidence for vascular recruitment in these lobes (that is, no change in S), and assuming no change in permeability, we concluded that the flow-dependent changes in PS are related to underestimates of E 3 and PS at low F p . At high F p , mean PS was 3.6 ml»min~1«g~I dry weight. If S for the lung is 3000 cm 2 /g, then pulmonary capillary permeability for sodium is about 3.8 x 10~6 cm/sec, which is considerably lower than the 3.1 x 10" 5 cm/sec that we have reported for myocardial capillaries.
Circ Res 46: [669] [670] [671] [672] [673] [674] [675] [676] [677] [678] [679] [680] 1980 THE transcapillary exchange of hydrophilic, diffusion-limited tracers confined to the extracellular space is determined by blood flow to the capillary exchange vessels, the capillary permeability to the tracer, the total surface area available for exchange, the extravascular volume of distribution, and the rate of diffusion in the extravascular space. When the extravascular volume of distribution is large and the resistances to diffusion in the blood and extracellular fluid are negligible for substances of low permeability, one can apply tracer-dilution methods to measure the total conductance of tracer across the capillary wall (Crone, 1963; Ziegler and Goresky, 1971; Bassingthwaighte, 1974) . In wholeorgan studies, this is an average conductance expressed as a product of capillary permeability (P, cm/min) and surface area (S, cm 2 /g), but the value for PS may be difficult to interpret in the presence of heterogeneities in regional flow.
In reported studies of dog hearts (Yudilevich and Martin de Julian, 1965; Ziegler and Goresky, 1971; Guller et al., 1975; Tancredi et al., 1975) and lungs (Yipintsoi, 1976) , PS products for Na + or K + always increased with increases in plasma flow (F p ). On the assumption of no alteration in capillary permeability in these experiments, the calculated increase in PS seen at higher flows may be due to (1) underestimation of PS at low flows because of early return of the probing tracers into capillary blood, or (2) perfusion through additional vascular channels (recruitment), causing increases in S as flows and intravascular pressures are raised. Therefore, interpretation of changes in PS requires assessment of intravascular flows and pressures, organ blood volume, and tissue perfusion under similar experimental conditions. Such correlative studies have not been reported for diffusion-limited tracers in the lung.
Evidence suggests that the capillary surface area available for exchange of solute in the intact lung may change under certain experimental conditions. For example, pulmonary blood volume (PBV) increases as a function of pulmonary artery pressure (Rosenzweig et al., 1970; Maseri et al., 1972; Vreim and Staub, 1974) . This increase in PBV may occur by distention of open perfused channels, by recruitment of additional vessels, or by a combination of both mechanisms.
In a previous study (Tancredi et al., 1974) , we attempted to distinguish recruitment-related changes from distention-related changes in PBV by using tracer-dilution measurements of PBV and extravascular lung water (EVW) in open-chest dogs on double heart-lung bypass. We found that both PBV and EVW increased as pulmonary artery pressure was raised, either by increasing pulmonary blood flow at constant pulmonary venous pressure or by elevating pulmonary venous pressure at constant flow. At any given pulmonary arterial pressure, PBV was unaffected by changes in venous pressure. Zierler (1962) emphasized that the volume measured by tracer-dilution techniques is a dynamic volume and depends on movement of tracer particles through that volume, whether by blood flow (for a vascular reference tracer) or by flow and diffusion into some extravascular volume (for diffusible tracers). Nonperfused areas and stagnant pools are not seen with this technique. Because there was no net accumulation of water in these lungs (Tancredi et al., 1974) we believed that the increases in EVW were related to flow through additional vascular channels to which the tracer had gained access as pulmonary arterial pressure was increased. Yet, the increase in PBV over pulmonary artery pressures that ranged from 9 to 37 mm Hg was about twice the relative increase in corresponding EVW values. Therefore, both vascular recruitment and vessel distention probably contributed to the pressure-related changes in PBV in the in situ lung.
The goal of the present study was to measure the capillary permeability to Na + in the dog lung. To minimize the effect of vascular recruitment (that is, changes in S) on our estimates of PS, we elected to study the isolated lung lobe perfused with blood under zone III (West and Dollery, 1965) conditions. This experimental preparation allowed us to examine a wide range of blood flows not obtainable in the intact animal. Also, it permitted independent control of pulmonary arterial (PA) and venous (Pv) pressures at a fixed airway pressure of 2 mm Hg. Experiments were conducted so that flow-dependent changes in PS could be differentiated from changes due to alterations in perfusion pressures and, presumably, to changes in S. This was accomplished by measuring PS at high and low perfusion pressures without changing blood flow. Separate tracer-dilution measurements of PBV and EVW under the same experimental conditions provided data for the assessment of overall lung perfusion and for correlation with the permeability measurement.
Methods

Experimental Preparation
Experiments were performed on nine isolated lung lobes taken from donor dogs weighing 7-10 kg.
The experimental design was similar to that previously described for isolated heart experiments (Tancredi et al., 1975) . Donor dogs were anesthetized with sodium pentobarbital (30 mg/kg body weight) and ventilated with room air through a cuffed endotracheal tube. After the administration of heparin (2000 IU/kg), blood was drained through a polyethylene catheter inserted into a femoral artery. On exsanguination, the chest was opened through a midline sternotomy incision, and the heart and lungs were removed in block dissection. A small lobe with a single artery and vein was identified, and the vessels and bronchus supplying the lobe were cannulated. The lobe was wrapped in cellophane and positioned with the hilus up in a cheesecloth cradle that was suspended from a calibrated strain gauge weighing device (Statham model UC-2). Lobes were artificially ventilated at peak inspiratory pressures of between 12 and 15 mm Hg with end-expiratory pressures held constant at 2 mm Hg. The lobes were hyperinflated periodically. During recording of the indicator-dilution curves, airway pressure was held constant at 2 mm Hg.
Blood for perfusion was taken from the femoral artery of a support dog and pumped by a calibrated roller pump through a depulser and a heat exchanger into the artery supplying the lobe. Temperature was maintained at 37°C. Venous blood draining the lobe was passed through a flow-through Nal (thallium-activated) y-detector probe to the first of two venous reservoirs connected in series. Venous pressures were independently controlled by varying the height of the first venous reservoir. Blood entering the second venous reservoir was returned to the support dog through the femoral vein. The volume of blood contained in the tubing from the pulmonary vein to the midpoint of the venous y-detector probe was 12-14 ml. In this experimental preparation, pulmonary arterial pressure increased in response to increases in pulmonary venous pressure at any given flow.
Sterile solutions of ^NaCl and [ 125 I]iodoantipyrine (IAP, New England Nuclear) and [ 131 I]albumin (RISA, Abbott Laboratories) were diluted with a sterile saline solution and mixed to provide two separate injectates for each experiment.
The isotope-detector system (Canberra) consisted of a detector probe, photomultiplier, preamplifier, amplifier, and three pulse-height analyzers and counters. The flow-through probe on the venous line was surrounded by 10 cm of lead shielding. Output from the amplifier was directed to three pulse-height analyzers and counters. Data were stored on digital tape for later retrieval and analysis through a series of FORTRAN programs, using the CDC 3500 computer. Intravascular pressures and lung weight were monitored continuously and recorded on a Honeywell model 1858 recorder.
Two sets of data, one at low P v and one at high Pv for different blood flows, were obtained on each experimental lobe. All intravascular pressures were expressed relative to the hilus of the lobe. To begin, two hyperinflations were delivered to the lobe, and airway pressure was then allowed to achieve a constant end-expiratory level of 2 mm Hg (underwater seal). A Pv of 3 mm Hg was achieved by adjusting the height of the first venous reservoir, with blood flowing through the system. After stabilization of PA, PV, and lobe weight, a 0.25-ml bolus containing 1 juCi RISA and 2 juCi IAP was injected rapidly into the artery supplying the lobe. After the arrival of the initial bolus of isotope at the venous probe, the tubing between the two venous reservoirs was clamped, and the support dog was infused with blood previously stored in the second reservoir. In addition, the early bolus of isotope-enriched blood was diverted beyond the probe for several seconds and removed from the system. When the RISA and IAP curves had returned to baseline, a second injection containing 1 juCi RISA and 1 /iCi 24 NaCl in 0.25 ml was delivered into the same artery. When these curves were completed, respirations were begun, flow was temporarily decreased, and the isotopes were allowed to equilibrate throughout the entire perfusion system and support animal in anticipation of deriving the next set of curves. Three to 10 sets of tracer-dilution curves were obtained for each lobe.
At the end of each experiment, the lung lobe was drained of blood and weighed. It then was placed in an oven and dried to a constant weight. Data are expressed relative to the dry weight of the lobe.
Methods of Analysis
Paired tracer-dilution curves recorded at the venous outflow after the simultaneous intra-arterial injection of a nondiffusible reference tracer and a diffusible tracer can be used to calculate the instantaneous fractional extraction, E, of the diffusible tracer (Crone, 1963; Yudilevich and Martin de Julian, 1965; Ziegler and Goresky, 1971; Bassingthwaighte, 1974; Guller et al., 1975; Tancredi et al., 1975; Yipintsoi, 1976) ; this is the fraction of the total injected dose which leaves the capillary and enters the tissue at time t: lution curves up to the peak of the reference curve:
in which h(t) represents the distribution of transit times or the fraction of the total injected dose appearing per second in the venous outflow for the diffusible (D) and nondiffusible reference (R) tracers. E 2 (Eq. 1) and E 3 (Eq. 2, below) conform with previous notation introduced by Guller et al. (1975) . In these studies, we recorded complete curves back to baseline so that h(t) for any particular tracer was calculated as C*(t)/JoC*(t)dt, in which C*(t) represents the tracer activity at time t. From the same curves, Lassen and Crone (1970) preferred to use the average fractional extraction calculated from the areas under the respective di- in which X is the variable for integration up to any time t. Guller et al. (1975) , in their studies of the permeability to Na + in dog hearts, reported that their maximal values for E 2 and E 3 were similar. When permeability is low and the extravascular volume of distribution is large relative to the capillary blood volume (such as for 24 Na), back-diffusion of tracer from tissue to blood occurs late and does not appreciably affect the estimates of E(t) up to the time of the peak of the reference curve (Bassingthwaighte, 1974) . If the reference and diffusible tracers are equally dispersed in the bloodstream of the system, then reliable estimates of unidirectional flux can be obtained from the early portions of tracer-dilution curves for substances such as Na + . These estimates of E can be used to calculate the product of capillary permeability (P, cm/min) and surface area (S, cm 2 /g):
in which F p is plasma flow (ml/min per g). In the study of Yipintsoi (1976) , the E in Equation 3 was E 3 (Eq. 2) at the time of the peak of the reference curve. This same E 3 was used in these studies.
PBV was calculated as blood flow (F B , ml/sec per g dry weight) times the mean transit time (t in seconds) of the RISA curve, corrected for the mean transit time from pulmonary vein to the midpoint of the venous y-detector probe. EVW was calculated as p times F B (ti A p -trasA), in which p is the fractional water content of a given volume of blood. Because we did not measure p directly, we calculated the water content of the blood from the hematocrit values, assuming that the water content of red cells is 0.70 g H 2 0/ml cells and of plasma, 0.93 g H 2 0/ml plasma (Goresky et al., 1969) .
We did not measure specifically the mean transit times of the red blood cells (tRBc) in the present study. We calculated the potential difference between t RB c and t R isA using the data of Goresky et al. (1969) and found that this difference is considerably less than 1 second for the flows that we used. This difference would result in a calculated t for the composite blood (hematocrit of 0.30-0.40) of about 0.2-0.3 seconds less than our measured tRisA. From our data, tmsA ranged from 5 to 30 seconds, indicating that the correction factor is small. We did not apply this correction factor to our data.
[ 125 I]Iodoantipyrine was selected as the diffusible tracer for assessment of tissue perfusion. The IAP space was expressed as EVW, with the realization that the mean transit times for IAP in dog lungs are somewhat longer than those for tritiated water (Chinard, 1975) . The differences are small and con- Abbreviations: CV = curve number; TBF = total blood flow. * WWt and DWt are wet and dry weights of blood-drained lobes, respectively (excluding large vessels and large airways); Hct = hematocrit. f Mean transit times (I) are corrected for dead space measurements from pulmonary vein to midpoint of venous probe, assuming pure delay without dispersion.
X E 3 calculated from Equation 2; PS calculated from Equation 3. § Indicates wet weight of two lobes pushed to frank alveolar edema after completion of tracer-dilution studies. sistent and are probably related to higher lipid solubility for IAP and, perhaps, to diffusional shunting of tritiated water (Yipintsoi and Bassingthwaighte, 1970) as well. Ease of measurement dictated our choice of tracer, which seemed appropriate for evaluation of changes in overall tissue perfusion under conditions of our experiments.
Results
We studied nine isolated blood-perfused lung lobes obtained from nine separate dogs. In these experiments, the mean (±SD) hematocrit was 0.31 ± 0.08, and the dry weight was 5.5 ± 0.8 g. For seven lung lobes, the mean water content was 79.5 ± 1.0% of the wet weight at the end of the study. This excludes two lobes (experiments 1055 and 21115, Table 1 ), in which alveolar edema was induced deliberately, after completion of the tracerdilution studies.
Three to 10 injections containing RISA and 24 NaCl were made into each of nine isolated lung lobe preparations, six of which received additional injections of RISA and IAP. Fifty-seven pairs of curves were examined: 33 pairs were obtained at low P v and 24 pairs at high Pv. Two pairs of curves obtained in the same lung (experiment 21115) at low and high Pv with blood flow held constant at 50 ml/min are illustrated in the right panels of Figure 1 . Corresponding curves obtained in the same experiment at high flow (200 ml/min) are shown in the left panels. At low Pv, initial portions of the curves for 24 Na were consistently lower than those for RISA because of transcapillary exchange of 24 Na during the first pass of tracer through the lung. Delayed appearance times, lower peak concentrations, and greater temporal dispersion were seen at high P v when comparisons were made with curves obtained at the same flow and low P v . Instantaneous fractional extractions [E2(t), Eq. 1] and area-weighted extractions [E 3 (t), Eq. 2] calculated from each set of curves are plotted below the corresponding panels of Figure 1 . Early portions of the curves for E 2 and E 3 were similar in magnitude, with more variation seen in E 2 . E 2 and E 3 were higher at low flows, but at each flow, no significant differences in fractional extraction at the time of the peak of IIR were seen with elevations of Pv.
In two experiments (1055 and 2055), E 3 [at the time of the peak of h R (t)] measured from the ydetector probe data was compared with fractional extractions (E s ) derived from analysis of discrete blood samples obtained from venous blood just beyond the probe, using a rotating sampler as described previously (Tancredi et al., 1975) . Differences were negligible: mean (±SD) E 3 / E S was 1.01 ± 0.12 (n = 9). E 3 and PS products measured in all nine experiments are shown in Table 1 and are plotted as functions of F p in Figure 2 . Fractional extractions decreased as F p was raised. Mean (±SD) E 3 of 0.12 ± 0.04 at F p > 20 ml/min per g was lower than the 0.18 ± 0.06 measured at intermediate F p of 10-20 ml/min per g (P < 0.005), and both were lower than the highest mean E 3 of 0.25 ± 0.06 seen at F p < 10 (P < 0.001 for each comparison). At any given F P , elevation of Pv had little effect on E 3 . In contrast, our highest PS products for Na + were seen at the highest flows. Despite moderate scatter in the data, the mean PS of 3.58 ± 1.26 at F p > 20 ml/min per g was higher than the 2.67 ± 0.80 at intermediate flows (P < 0.01), and both means were higher than the 2.04 ± 0.50 measured at F p < 10 (P < 0.001 and P < 0.01, respectively).
To assess the relationship between arterial pressure and capillary surface area as reflected in the determination of PS, 23 measurements of pulmonary capillary PS made at high P v were compared with similar measurements made in the same lungs at the same flows but at low Pv. Data are plotted as functions of P A in Figure 3 . Values for F p are shown for each data set. At low P v with P A < 20-mm Hg, a heterogeneity in PS was seen, with values ranging from 1.21 to 4.39 ml/min per g. However, for any given flow in a particular lobe, marked elevation in Pv caused no consistent change in PS, even though PA achieved levels as high as 38 mm Hg. From these paired data, mean PS at high Pv (PA from 25 to 38 mm Hg) was 2.67 ± 0.97 ml/min per g, which was not significantly different from the 2.44 ± 0.69 measured at low Pv (PA from 5 to 20 mm Hg).
Three to 10 injections containing RISA and IAP were made into six of the isolated lung lobe preparations described above; 35 pairs of curves were obtained for calculation of PBV and EVW, 18 pairs at low Pv and 17 pairs at high P v . Two pairs of curves from the same lung at low and high Pv with blood flow held at 150 ml/min are shown in Figure  4 . At each Pv, the appearance time of tracer at the venous probe was identical for RISA and IAP, with earlier appearance times noted at low Pv. For each set of curves, RISA rose to a high early peak and showed a rapid disappearance. Curves for IAP showed lower delayed peak concentrations with longer tails and mean transit times, consistent with a larger (extravascular) volume of distribution for IAP compared with albumin. All curves obtained at high Pv showed longer appearance times, lower peaks, and greater temporal dispersion when compared with corresponding curves obtained at similar flows and low Pv.
PBV measurements obtained at low and high Pv at various flows and PA in each of the nine lobes are given in Table 1 , and we plotted all PBV as a function of PA in the top panel of Figure 5 . In six lungs, in which two separate RISA curves were obtained for each experimental period, we used the mean of the two volumes for the figure. In these studies, we did not examine the effect of changes in P v on PBV at any given P A . However, previous studies (Maseri et al., 1972; Tancredi et al., 1974) have shown that PBV measured at any given PA is independent of the level of Pv.
PBV at high P v and P A ranged from 5.8 to 7.4 ml/g, with a mean of 6.73 ± 0.55 (n = 24). This represented an increase of 52% (P < 0.001) from the mean of 4.44 ± 0.70 (n = 33) measured at low perfusion pressures, in which individual measurements ranged from 3.3 to 5.9.
Thirty-five measurements of EVW are plotted as functions of PA in the bottom panel of Figure 5 . At high Pv and P A) EVW ranged from 2.0 to 4.0 ml/g, with a similar range of 1.8 to 3.4 seen at low pressures. In contrast to the blood volume data, the mean EVW of 2.9 ± 0.5 at high P A was not different from the 2.7 ± 0.5 at low PA. Analysis of paired sets of data comparing measurements made at high Pv with those at low Pv and identical blood flows did not show any change in EVW over a wide range of experimental conditions.
Discussion
The isolated blood-perfused lung lobe preparation selected for our experiments allowed us to make measurements of sodium PS, PBV, and EVW over a wide range of flows and perfusion pressures not easily achieved in the intact animal. We studied a range of F p from 4.1 to 40.1 ml/min per g dry weight in which PA ranged from 5 to 20 mm Hg at low Pv and from 25 to 38 mm Hg at high P v . All of our experiments were performed under zone III conditions, in which alveolar pressure, held at 2 mm Hg for all curves, was consistently lower than venous pressure. Lobes were suspended horizontally with the hilus up so that differences in regional perfusion of the lobe due to gravitational effects were minimized. Because recirculation of isotope in the perfusion system was prevented, complete curves were recorded back to baseline, obviating the need for extrapolation. Nevertheless, the experimental preparation is not physiological because the lung lobe is devoid of neural influences, and lym- phatic vessels were probably obstructed by ties placed around arterial, venous, and bronchial cannulas at the hilus. Throughout the course of each experiment, gradual gains in weight of as much as 15% of baseline weights were seen. All measurements were made before detectable alveolar edema developed, and the small gradual accumulation of water in the lobes did not appreciably affect the volume or permeability estimates. We have shown that PS products for 24 Na increase as F p is raised but that, at any given F p , the PS is unaffected by large changes in P A or Pv. In contrast, PBV increases as intravascular pressures are raised, but EVW remains unchanged over a wide range of F p and PA-Based on these findings, we will present evidence that the changes in PBV result from distention of small intrapulmonary vessels and that the flow-related changes in PS are due to underestimation of PS at low F p , rather than to vascular recruitment (that is, changes in S) at high F p and perfusion pressures.
Pulmonary Capillary Permeability to Na +
Accurate measurement of pulmonary capillary permeability to various hydrophilic-probing mole- cules by tracer-dilution methods (Crone, 1963) requires that (1) the hydrophilic tracer is diffusionlimited in its exchange across the capillary membrane;
(2) the extravascular volume of distribution is large so that early return of tracer from tissue to capillary blood is minimal; and (3) the distribution of blood flow throughout the lung lobe is relatively homogeneous, since the measured PS is an average for the whole organ. Previous studies (Yudilevich and Martin de Julian, 1965; Guller et al., 1975; Tancredi et al., 1975; Yipintsoi, 1976) have shown that 24 Na and 42 K are diffusion-limited in their transcapillary exchange in heart and lung over a wide range of flows. Fractional extractions for these tracers decrease as flow is increased, although the total tissue uptake (flow X arterial concentration X fractional extraction) is greater at high flows.
In early studies of sodium exchange in the lung, Chinard (1966) and Yudilevich (1961) injected tracer-labeled Na + and albumin simultaneously in a single bolus into the right atrium of anesthetized dogs. Because of the high pulmonary blood flow, they observed that the paired tracer-dilution curves for Na + and albumin recorded from the aortic root or brachial artery were similar, indicating a low fractional extraction for Na + and suggesting a low permeability or a small extravascular volume of distribution for Na + in the lung. In a more recent report, Yipintsoi (1976) measured a fractional extraction of 0.11 at F p of 0.75 liter/min in intact dogs, with lower fractional extractions noted at higher flows. However, steady state equilibration measurements of the Na + extravascular space for the lung in his studies gave values two or three times those noted in the heart, and the ratio of the extravascular sodium space to the intrayascular albumin space was similar for both organs (3.1 for lung and 3.2 for heart). Therefore, the low fractional extractions for 24 Na in the lung are not due to a small extravascular volume of distribution but reflect, instead, a significant diffusion limitation at the capillary membrane when F p is high.
In our studies at the highest plasma flows (> 25 ml/min per g), we measured a mean fractional extraction of 0.08, similar to that reported by Yipintsoi (1976) for intact dog lungs. Our experimental preparation also permitted us to make measure- ments at very low flows, which could not be achieved in intact animals. At F p < 10 ml/min per g, mean E 3 was 0.25 ± 0.06 and the highest value for E 3 was 0.36 (F p = 4.1 and 6.8, Table 1 ). From the data of Guller et al. (1975) for 24 Na extraction in the heart, we calculated a higher mean fractional extraction of 0.48 at F p of 4.23 ml/min per g dry weight [using their average F p of 0.93 ± 0.14 ml/ min per g wet weight, corrected for myocardial water content of 0.78 g water/g myocardium (Yipintsoi et al., 1972) ].
In examining the highest measured PS for Na + in the lung, our value of 3.58 ml/min per g dry weight at F p > 20 ml/min per g is similar to 150 ml/ min in total lung reported by Yipintsoi (1976) . Correcting his number for a 180-g lung with a water content of 0.78 g water/g lung gives a PS of 3.79 ml/min per g dry weight. These PS values for ^Na in the lung are not too different from the average maximal PS in the heart (Guller et al., 1975) of 0.91 ml/min per g wet weight or 4.1 ml/min per g dry weight, where the PS was mathematically corrected for back-diffusion. However, the similarity in PS for lung and heart does not necessarily imply that the permeabilities are the same. The capillary surface area in the lung [3000 cm 2 /g wet weight (Weibel, 1973) ] is much larger than that in the heart [500 cm 2 /g wet weight ]. Correcting our maximal PS for water content in the lobes and dividing by the surface area, we calculate that the pulmonary capillary permeability to 24 Na is about 3.8 X 10" 6 cm/sec, a value that is considerably lower than the myocardial capillary permeability of 3.1 X 10~5 cm/sec reported by Guller etal. (1975) .
PS products for 24 Na in intact lung (Yipintsoi, 1976) and for 24 Na and 42 K in isolated hearts (Yudilevich and Martin de Julian, 1965; Guller et al., 1975; Tancredi et al., 1975) clearly increase with increasing F p . We found the same relationship between PS for 24 Na and F p in the isolated lung lobe. In the isolated heart studies (Guller et al., 1975; Tancredi et al., 1975) , the increase in PS that was seen as F p was raised was ascribed to recruitment of additional vascular exchange sites at higher F p ; that is, the increase in PS was due to an increase in S alone. However, other possible explanations for the flow-dependency of PS include (1) flow-related changes in capillary permeability, (2) overestimation of E 3 and PS at high flows, and (3) underestimation of E 3 and PS at low flows, due either to back-diffusion of tracer from tissue to venous capillary blood or to heterogeneities in regional perfusion of the organ.
To determine the cause of the flow-related changes in PS in the isolated lobe, we designed our experiments so that we could study changes in PS in relation to simultaneous changes in intravascular pressure, PBV, and overall tissue perfusion as assessed by measurement of EVW.
Pressure-Volume Studies: Evidence for Vessel Distention as the Major Determinant of PBV for the Isolated Lobe
Pressure-volume characteristics of the pulmonary circulation have been studied by a number of investigators. Clearly, P A is the major determinant of PBV. Maseri et al. (1972) showed that PBV increased as PA was raised and that the measured volumes were unaffected by changes in Pv at any given P A . Retrograde perfusion of the same lungs from pulmonary vein to pulmonary artery verified that inflow pressure was the critical determinant of PBV, and this suggested that distention of large pulmonary vessels contributed little to the overall change in PBV. Engelberg and DuBois (1959) measured compliance for large pulmonary arteries and veins and found that, together, they accounted for VOL. 46, No. 5, MAY 1980 about 30% of the total pulmonary vascular compliance. Therefore, the major change in PBV occurs in small intrapulmonary vessels. Permutt et al. (1969) and Maseri et al. (1972) proposed that the volume of blood in the pulmonary circulation is determined primarily by the number of blood vessels perfused. They considered the pulmonary circulation as a parallel system of nondistensible but easily collapsible channels, each with an element in series with a critical opening pressure. A channel remains closed until transmural pressure exceeds the critical opening pressure, at which point it opens completely and contributes to the increase in PBV seen at higher P A . The maximal PBV occurs above the PA that just exceeds the maximal critical opening pressure. Sobin (1972a, 1972b) proposed an alternative explanation based on the concept of blood flow through alveolar microvascular sheets in the cat lung. They showed that, in a purely distensible system, inflow pressure was the major determinant of blood volume. Capillary pressure was relatively unaffected by changes in outflow pressure at any given inflow pressure. Morphological data from other investigators (Glazier et al., 1969; Maloney and Castle, 1969; Vreim and Staub, 1973 ) supported a major role for distention as a determinant of PBV.
To study the question of vascular recruitment in our isolated lobes, assuming that recruitment is a pressure-dependent phenomenon, we analyzed our PS data and our EVW measurements with respect to pulmonary arterial pressures recorded at the time of measurement. In each experiment, measurements at any given flow were made at low and high pulmonary arterial pressures, achieved by varying the level of venous pressure without inducing any other perturbation in the system. If there was no significant change in capillary permeability, P in the term PS, we believed that recruitmentrelated changes in capillary surface area, S, would be reflected in our measurement of PS and EVW. Our data clearly showed no evidence for pressurerelated vascular recruitment over a wide range of P A . EVW measurements at high perfusion pressures were nearly identical to corresponding measurements made at the same flow but at lower pressures, and PS values for 24 Na were unaffected by changes in P A or Pv at any given F p .
Despite the lack of evidence for vascular recruitment, mean PBV measured at high P A and Pv (mean P A = 33 ± 3 mm Hg) was 6.73 ± 0.55 ml/g or 52% higher than the mean of 4.44 ± 0.70 ml/g measured at low Pv when mean P A was 11 ± 4. We attributed this change in PBV to distention of small intrapulmonary vessels. Since the pressure-related changes in PBV were not associated with corresponding changes in PS, we concluded that distention occurred in nonexchanging vessels at a precapillary or postcapillary level.
Analysis of Flow-Dependent Changes in Sodium PS
Our data suggest that, in the isolated lung lobe perfused under zone III conditions, vascular recruitment does not occur despite large changes in F p and perfusion pressures. We cannot exclude the possibility that capillary permeability increases at high flows and is independent of alterations in perfusion pressures, but this seems unlikely. Therefore, if the true capillary permeability and surface area remain unchanged throughout each experiment, then the flow-related changes in the calculated PS products (Eq. 3) are most likely a reflection of the experimental methods used in measuring a mean E 3 for the organ at any given F p .
Theoretically, E 3 and PS may be overestimated at high F p , particularly if E 3 is very low and approaches zero. Under these circumstances, small random measurement errors may give values for E 3 and PS which are higher than the true means, since E 3 < 0 is not likely to occur. But in our experiments at the highest flows (F p > 20), the mean E 3 was 0.12. Even at intermediate F p , the mean E 3 was lower and the mean PS higher than the respective means at F p < 10. The moderate scatter in PS seen at high F p (Fig. 2 ) was due to variation among different experimental lobes. For each individual experiment, the highest PS values were always seen at high F p (Table 1) . Similar flow-dependent increases in PS were reported for 24 Na (Guller et al., 1975) and 42 K (Tancredi et al., 1975) in isolated dog hearts, where higher fractional extractions were measured and random errors were more likely to occur about the true means. Therefore, it appeared that the flowrelated changes in PS were not due to an overestimation of mean E 3 and PS at high F p .
From Bassingthwaighte's (1974) analysis of tracer extraction during a single transcapillary passage, it is clear that back-diffusion of tracer from tissue to blood may lead to erroneously low values for fractional extractions measured by tracer-dilution methods at the venous outflow from the organ. This error is most significant at low flows. Since the flows in our isolated lobes were considerably higher than those used to measure capillary permeabilities in isolated heart studies, we elected to study the distribution of blood flow at low and high venous pressures in some of our experimental lobes. This was accomplished in experiment 20056 by injecting 500,000 9-fim 141 Ce microspheres after completion of curve 2 at low P v and 300,000 9-/xm ^Sr microspheres after completion of curve 3 at high Pv. Mean Fp was held constant at 8.1 ml/min per g dry weight for each curve. The distribution of microspheres was markedly skewed to the left (Fig. 6) , indicating that, at low P v , about 50% of the total lung weight was perfused at flows of less than 20% of the mean F p , or <1.6 ml/min per g, while small Table 1 ) at high and low pulmonary venous pressures but at same total flow. Abscissa is the relative concentration of' microspheres representing the regional flow relative to the total flow for each 0.2 class width. Ordinate is the fractional weight per each class width such that the area of the histogram is unity. The lung lobe was cut into 37pieces of approximately 1 g each. A few pieces had relative flows greater than 3.0; therefore, abscissa is discontinuous. Note that distribution of relative flows is markedly skewed to left so that about 50% of lung weight was perfused at flows less than 0.2 of mean.
areas of the lobe were perfused at high relative flows. Elevation of Pv caused little change in the distribution of flow. This preponderance of very low flow areas was greater than that reported by Yipintsoi (1976) in his studies on intact lungs. Translating relative flows (Fig. 6) to transit times through different regions within the lobe, where transit time per milliliter of blood is 60/(relative flow X F p ), we calculated that transit times through 50% of the lobe exceeded 40 seconds. Examining the curves recorded at F p of 7.5 ml/min per g (Fig. 1) , it is clear that the peak of h R (t) occurs before 40 seconds, even when P v is high. Therefore, the very low flow regions in the isolated lobe make little, if any, contribution to our measurement of E 3 for 24 Na when mean F p is low. In fact, most of the tracer particles seen up to the time of the peak of the reference curve have traversed relatively high flow pathways so that E 3 is measured from areas where regional flows are greater than the mean F p for the whole lobe. Since F p is low with reference to the measured E 3 , calculation of PS (Eq. 3) will give values that are lower than the true PS. Yipintsoi's (1976) data from intact lungs suggest that regional heterogeneities in perfusion decrease at high F p . If this is correct, then the most realistic estimates of PS are those obtained at high F p , where the discrepancy between F p and the measured E 3 is smallest.
In summary, our data provide the first opportunity to evaluate and interpret changes in sodium PS in light of corresponding changes in intravascular flows, blood volumes, perfusion pressures, and overall tissue perfusion in isolated lung lobes. Our lobes, perfused under zone III conditions, showed no evidence for vascular recruitment. The flow dependency of PS, with higher values seen at high flows, was due to the underestimation of E 3 and PS at low mean F p . This was related to marked heterogeneities in regional flows at low mean F p , so that the most realistic estimates of PS for 24 Na were those obtained at high F p .
